Solar foot penetration is one of the causes of deep digital flexor tendon injuries in horses, however, limited information is available on the prognosis for return to soundness in the absence of synovial sepsis. Objectives of this retrospective observational study were to describe low-field magnetic resonance imaging (MRI) findings and long-term outcome for a group of horses with this combination of clinical problems. Horses were included if low-field standing MRI of the foot was performed following puncture wounds, injury of the deep digital flexor tendon was diagnosed, and sepsis was confirmed to be absent in all adjacent synovial structures (distal interphalangeal joint, navicular bursa, and digital flexor tendon sheath). Medical records were reviewed and MRI studies were re-interpreted. Follow-up information was obtained via a telephone questionnaire at a minimum of 6 months post-injury. A total of 11 horses met inclusion criteria. In three horses, the deep digital flexor tendon injury was only visible in the T2 fast spin echo sequence and contrast radiography improved diagnostic certainty. The most commonly affected area was between the distal border of the distal sesamoid bone and the facies flexoria of the distal phalanx (6/11, 55%).
INTRODUCTION
Puncture wounds of the equine hoof are potentially serious injuries and are commonly diagnosed in equine practice. 1 Although most solar penetrating injuries are superficial and have a good outcome with conservative treatment, deeper penetration of the foot, especially in the frog (cuneus ungulae) and the collateral sulci may have a much graver prognosis and can represent a life-threatening or performance limiting injury for the horse. 2 Deep structures that may be damaged during foot penetration include the deep digital flexor tendon, distal phalanx, ungular cartilages, digital cushion, bursa podotrochlearis (navicular bursa), distal sesamoid bone, digital flexor tendon sheath, distal interphalangeal joint, and distal sesamoidean impar ligament. Early
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made. 3 Conventional imaging modalities, including radiography, diagnostic ultrasonography, and nuclear scintigraphy, have significant limitations when evaluating the structures within the foot. Magnetic resonance Imaging (MRI), alternatively, can provide threedimensional evaluations of the foot, providing information on both osseous and soft tissue structures. Magnetic resonance imaging features following acute or chronic penetrating injuries have been described 4, 5 and two case reports have demonstrated the potential prognostic value, although only small numbers of horses were reviewed. 5, 6 Vet Radiol Ultrasound. 2018;59:697-704.
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The reported postsurgical successful rate for return to previous athletic function after solar foot penetration ranged from 30% to 63% and the majority of the studies have looked more specifically at synovial sepsis following foot penetration. 2 , [7] [8] [9] Although a high proportion of the described cases in all published reports had a traumatic lesion in the deep digital flexor tendon, the outcome of horses recovering from penetrating injury where synovial sepsis has been excluded has not been investigated to the authors' knowledge.
The objectives of this study were to describe low-field MRI findings, treatment approaches, and long-term outcome for a group of horses with solar penetration, deep digital flexor tendon injury, and absence of synovial sepsis.
MATERIALS AND METHODS
All owners of horses included in this retrospective observational study had signed an owner informed written consent form that was approved The same intern recorded the following data based on medical record entries: patient signalment, duration of time from injury to hospital admission, foot affected, location of the solar penetration, concurrent soft tissue injuries, and treatments administered prior to admission. Horses that had MRI evaluation within 21 days of injury were described as acute cases and horses that had an MRI evaluation more than 21 days post-injury were described as chronic. Performance disciplines were categorized as eventing, show jumping, dressage, racing, or general purpose. Horses competing at an unaffiliated level were assigned to the general-purpose group. Lameness was graded by board certified veterinary surgeons (S.T., Y.E.) at the time of hospital admission, using a previously published lameness scoring method (0 = sound, 10 = non-weight bearing). 10 As part of the inclusion criteria, low-field MRI was performed using the same protocol in all horses. 
RESULTS

Descriptive data
A total of 692 horses had MRI examinations during the study period and 24 of these horses (3.5%) had solar penetrations. A total of 11 horses met all required inclusion criteria for the study. Seven (64%)
were male and four (36%) were female. Represented breeds were as follows: Warmblood (n = 5), Thoroughbred (n = 2), cob (n = 1), draught breed (n = 1), Appaloosa (n = 1), and Conemara Pony (n = 1). The median age was 11 years, with a range of 4-18 years. The majority of cases were used for show jumping (n = 5), dressage (n = 1), hunting (n = 1), or flat racing (n = 1). The rest of the cases (n = 3) were pleasure horses and assigned to the general purpose group. Forelimb and hindlimbs were affected with similar frequency, with five of the injuries occurred in forelimbs and six in hindlimbs. The mean time from injury to the presentation at the Equine Hospital of the Royal (Dick) School of the Veterinary Sciences was 38 days (range 1 day to 6 months).
Four cases were presented for MRI due to recurring lameness following chronic penetrating foot wounds; in these horses the average time TA B L E 1 Parameters used for magnetic resonance imaging in the 11 sampled horses from injury to MRI scan was respectively 30 (n = 2), 42, and 60 days.
Synovial sepsis was excluded in four cases (n = 4) by the referring veterinary practices at the time the penetrating injuries occurred and in seven (n = 7), once the patient was admitted at the referral hospital. The type of foreign body was unknown in five horses, a piece of wood in a single case and a nail or a metal wire in the majority of the cases (n = 5). The exact location of the penetration was into the central sulcus of the frog, including the medial or lateral collateral sulci, in nine horses (n = 9), following by the palmar/plantar area in two cases (n = 2). The median grade of lameness on presentation was eight of 10 at the walk. 7 The median time of hospitalization in all horses was 8 days (range 1 day to 1 month). Treatment at the time of admission and hospitalization included superficial paring out of the tract, aseptic preparation of the foot, bandaging with a sterile dressing, and parenteral administration of broad-spectrum antimicrobial and, in some cases, oral or parental administration of anti-inflammatory drugs. Six horses also received one or more antimicrobial limb perfusions intravenously in the affected leg. The antimicrobial of choice for perfusion was either Amikacin (500 mg diluted in 60 mL lactated Ringer's solution) or Gentamicin (1 g in 60 mL sterile normal saline solution). Surgical exploration was performed in two horses with a greater degree of lameness than anticipated from the injuries identified during the clinical examination and MRI scans. In two cases, pedal bone osteitis was the main finding during surgery, and both horses made an excellent recovery.
Euthanasia occurred for one horse due to the severity of lesions seen on magnetic resonance images, persistency of severe degree of lameness during hospitalization, and financial constraints of the owner.
Magnetic resonance imaging findings
Penetrating tracts were visible as focal areas of a reduced signal in all Involvement of the distal phalanx was seen as hyperintense signal on T2 and short tau inversion recovery sequences and was identified in seven cases (Figure 3) . A metal foreign body was suspected in case 7
( Figure 4 ).
Outcome
All 11 horses were discharged from the hospital, and follow-up information was available for all of them. All cases received box/small paddock rest and controlled walking exercise for up to 1 h/d, for a minimum of 1 month. Corrective trimming and shoeing, consisting of 5-7-degree heel wedge shoes with good palmar heel support, was performed in all cases for at least two shoeing cycles (every 4-6 weeks). for horses that had an excellent outcome and 8 months (range 6 months to 1 year) for horses that were paddock sound at the time of follow-up. Two horses were subjected to euthanasia for causes not related to lameness; however, both had returned to soundness at the time euthanasia was performed.
DISCUSSION
Findings from the current study indicated that horses can have a good outcome and return to athletic function after sustaining a solar penetration involving the deep digital flexor tendon, in the absence of synovial sepsis. This prognostic information can be helpful for veterinarians and clients. In the present study, plain radiography, radiography with a sterile metal probe placed in the tract, and contrast radiography were techniques used to assess the direction and depth of the penetration tract, and to investigate the involvement of vital structures (primarily synovial structures). [1] [2] [3] [4] [5] [6] [7] [8] Although it was possible in a few cases to predict involvement of the deep digital flexor tendon by assessing the distance between the end of the metal probe and the flexor surface of the navicular bone, these techniques could not conclusively identify deep digital flexor tendon damage in cases where the penetrating tract was no longer accessible. Transcuneal or distal pastern ultrasonography was not performed. Scans performed via the sagittal midline of the frog might have had diagnostic value, as the majority of the horses in the present study had severe tendinopathy in the insertion of the deep digital flexor tendon on the distal phalanx. 12, 13 However, lesions occurring at the level of the navicular bone will be seen by ultrasonography only if they lie in the midline. 13 Therefore, lesions confined to either the medial or lateral part of the deep digital flexor tendon, would not have been visible, nor would the extent of the bony changes.
Nuclear scintigraphy could also have been used to yield additional information. Boado et al. reported a correlation between nuclear scintigraphic and MRI findings in two horses with a history of unresolved lameness due to chronic solar penetrating injuries. 6 However, false negative scintigraphic abnormalities have been reported in horses with MRI evidence of tendonitis of the deep digital flexor tendon, 14 but generally in horses with the lameness of more than 3 months' duration.
The potential value of MRI for the diagnosis and identification of affected structures in solar penetrating injuries of the foot has been reviewed in two previous case series. 5, 6 Kinns and Mair described three cases that were imaged 48 h to 6 weeks after initial injury. 5 All cases had deep digital flexor tendon pathology confirmed on MRI, and synovial sepsis was excluded. All horses returned to soundness 3-11 months after injury with a variable time of box-paddock rest. A further case series reported the MRI findings in two horses with chronic forelimb lameness. 6 A penetrating tract and a lesion within the deep digital flexor tendon were identified on high field MRI examination in both horses. Based on the severity of the injuries and the chronicity of the lameness, both animals were subjected to euthanasia. Both studies supported the prognostic value of MRI in assessing solar penetration injuries, suggesting that MRI should be used to accurately identify deep digital flexor tendon lesion following penetrating injuries and is a help-F I G U R E 2 A and B, Sequential transverse T1-weighted three-dimensional high-resolution images and (C and D) are transverse T2 fast spin echo images of case 1 demonstrating of the signal void created by either ferrous material or hemosiderin on the gradient echo sequences (grey arrows) highlighting the importance using the T2 fast spin echo sequences to look at tendon boundaries and determine tendon involvement in such cases, note the moderate increase in T2 fast spin echo signal (white arrows) involving the paratenon of the tendon ful aid in deciding the most appropriate treatment (eg, medical therapy, surgical therapy, and therapeutic shoeing) and determining the prognosis. 5, 6 However, only small numbers of horses were reviewed in these studies. 5, 6 A larger scale retrospective study evaluated the imaging findings in 55 horses that underwent standing low-field MRI examination following solar penetration. 4 In total, 37 of the 55 cases had deep digital flexor tendon damage; no data regarding long-term outcome was obtained. In the same study, the main factors affecting the prognosis were identified in the area and structure involved in the penetrating injury, with 65% of the animals undergoing euthanasia having a lesion in the region between deep digital flexor tendon insertion on the distal phalanx and its palmaroproximal aspect. Of all animals undergoing euthanasia, 85% had a lesion involving the deep digital flexor tendon. However, no information was given regarding the presence or absence of synovial sepsis and whether this could be the factor influencing prognosis. Nonetheless, MRI diagnostic and prognostic values were endorsed. More recently a review article discussed if MRI should be used to evaluate horses presented for penetrating injuries of the foot. 15 In this previous paper, the author concluded that MRI was useful in the assessment of tract direction and depth, and evaluation of soft tissue injuries. The authors also suggested a combined approach using MRI and radiography and synoviocentesis, when necessary, to best assist clinicians with therapeutic approach and prognostication.
In the present study, readers considered MRI to be helpful for severe on gradient-echo than spin-echo sequences and could possibly be explained as a manifestation of mineralization, gas accumulation, deposits of hemosiderin, or metal susceptibility artifacts. 4 It is indeed expected that foreign bodies, such as metal wires or nails, may release metal debris while penetrating within the foot and create significant magnetic field inhomogeneities artifacts around them.
Furthermore, deep digital flexor tendon lesions detected on MRI in this study differed from most commonly reported strain-type injuries of the deep digital flexor tendon. [14] [15] [16] These injuries have been previously categorized into the following four types: core, dorsal border, sagittal plane split, and insertional injuries. In the horses described here, the primary lesions were near the focal areas of hypointense signal and extended through the deep digital flexor tendon and the peritendinous soft tissue. Although the MRI signal abnormalities of the deep digital flexor tendon can be similar between horses with and without a history of penetrating injury, marked differences in the peritendinous soft tissue MRI appearance 17 can differentiate between overstrain injury and acute trauma due to a penetrating foreign body. Previous publications have recognized the site of the penetrating injury as one of the principal factors affecting the prognosis. 4-7-19 In the present study, the most commonly (n = 6) affected area was between the distal border of the distal sesamoid bone distal to the facies flexoria of distal phalanx. In two cases, the location of the pen- can be identified at the lateral facies flexoria of the distal phalanx on the T2 fast spin echo image on the left and reduced signal intensity consistent with a circular susceptibility artifact (white arrows) can be seen on the T1 sagittal taken through the corresponding plane synovial sepsis. 19 A good prognosis (88%) was also reported for those cases involving the distal phalanx (n = 9). 19 In the same study, a poor outcome (29%) was reported for those cases with penetration of a synovial structure (n = 34). However, the outcome of horses with a primary injury of the deep digital flexor tendon was not described and MRI examination was not performed. Two studies reported treatment following the 'street nail' procedure, in which radical excision of the penetrating tract and resection or fenestration of the deep digital flexor tendon was performed. [2] [3] [4] [5] [6] [7] [8] These studies reported a return to soundness for either breeding or riding of approximately 30%. [2] [3] [4] [5] [6] [7] [8] Furthermore, the street nail procedure has been widely superseded by endoscopic lavage of the navicular bursa and other synovial structures, which provides improved visualization and more thorough lavage. 9 In the same study, a good outcome (75%) and return to soundness was reported for horses (n = 16) with contaminated or septic navicular bursae and 63%
of them returned to the previous level of athletic function. 9 A large retrospective study evaluated the outcome for 95 horses with solar penetration wounds that underwent surgery for synovial sepsis. 7 Findley et al. stated that the majority of horses sustained injuries to three structures, most commonly deep digital flexor tendon, distal interphalangeal joint, and navicular bursa. It was not reported how the deep digital flexor tendon injuries were confirmed and only 31 horses in this study underwent MRI; the findings of the MRI examination are not described. 7 These authors have reported a 36% return to pre-injury athletic function with a hospitalization survival rate of 56% (n = 95). 7 Although a high proportion of the described cases in all published reports had a traumatic lesion in the deep digital flexor tendon outcome of horses recovering from penetrating injury where synovial sepsis is not a concern has never been investigated in a reasonable number of horses. 5, 6 Hence, the need to provide information and guidance for owners and veterinary surgeons for cases with such injuries. The outcome of horses that met the inclusion criteria (exclusion of synovial sepsis and MRI identification of deep digital flexor tendon trauma following a solar penetration) was good-excellent. In fact, of the 10 horses discharged from the hospital, all returned to soundness, and the majority of them (n = 6) returned to full athletic function. The average time to return to full work was approximately 6 months (range 1 month to 1 year) for horses that had an excellent outcome (n = 6) and about 8 months (range 6 months to 1 year) for horses (n = 4) that were sound at the time of follow-up.
Susceptibility artifacts post fetlock arthroscopy have been reported in 40% of cases. 20 The cause of these artefacts was reported as hemosiderin or microscopic metallic material both of which could cause susceptibility artifacts following solar penetration. Hypointense (T1, T2*, and T2 FSE) susceptibility artefacts were identified in the two cases that had MRI evaluation within 1 day of penetrating injury suggesting that microscopic metallic fragments may be a cause as hemorrhage should be isointense on T1 scans within this time frame. Of the remaining five acute cases scanned at 10-21 days post-injury, two had hypointense susceptibility artifacts that were scanned at 10 days and15 days post-injury consistent with the presence of hemosiderin.
In such low numbers of cases it is not possible to determine the most appropriate time frame post-injury when an MRI examination should be performed. Repeat MRI of case 7 ( Figure 4 ) at 6 and 12 months postinjury demonstrated the same circular susceptibility artifact.
There are some limitations of the current study that are common to all retrospective studies, such as missing data and selection bias.
Only horses referred to the Dick Vet Equine Hospital were included;
however, a proportion of animals with a perceived poor prognosis following solar foot penetration may have been subjected to euthanasia before referral or following evaluation at the referral center without undergoing MRI examination.
In conclusion, the current study supported findings from previous studies indicating that deep digital flexor tendon traumatic injury is a possible sequela of solar foot penetration and that horses can return to full athletic performance if there is an absence of synovial sepsis.
In addition, the current study supported the use of low field MRI as a method for characterizing the extent of penetrating tracts, detecting deep digital flexor tendon injuries, and assessing involvement of adjacent soft tissue structures. 
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